Methanotrophic populations have been studied in Newport Bay estuary, Southern California. Environmental clone banks were generated for 16S rRNA genes specific to methanotrophs and for a diagnostic functional gene, pmoA, encoding a conserved subunit of the particulate methane monooxygenase. These clone banks contained sequences specific to types I and II methanotrophs typically found in aquatic environments including freshwater lake and soda lake sediments, aquifers and rice paddies. However, a group of clones that were divergent (93% identity) from known methanotrophic 16S rRNA genes but represented in 16S rRNA gene libraries from other aquatic environments were detected. A group of pmoA sequences divergent (83% identity) from extant methanotrophs and not previously represented in any environmental clone libraries, were also detected. It is concluded that this environment contains significant methanotroph diversity and that some of these may represent novel groups of methanotrophic bacteria.
Introduction
The contribution of marine systems to the global methane cycle is generally poorly understood. Methane concentrations and oxidation rates have been determined from many oceanic sites, and these have shown the upper ocean is usually methane supersaturated with respect to the atmosphere. Both methane fluxes and oxidation rates in stratified water columns [1] and at the air-sea interface [2] suggest that biological oxidation is occurring in the sea although the methane turnover time may be slow [3] . Freshwater sediments, including wetlands, rice paddies and lakes, are thought to contribute 40-50% of the annual atmospheric methane flux [4] . Characteristics of methane oxidation in a freshwater lake, Lake Washington, have been previously reported [5, 6] . The zone of methane oxidation was restricted to the top 0.7 cm of sediment, and about half of the methane from the lake depths is oxidised to CO 2 within this zone [5] . Estuaries have also been shown to play an important role in methane cycling [7] .
Methanotrophs are widespread in nature, play an important role in carbon cycling, and have attracted attention because they represent the largest biological sink for methane in aerobic soils [8] . Methanotrophs are a unique group of bacteria that utilise methane as their sole source of carbon and energy and are all obligately aerobic, Gram-negative bacteria. Methanotrophs can be isolated from a wide variety of environments including soils, sediments, freshwater, groundwater and the sea. The methanotrophs consist of 12 recognised genera, that fall into two major phylogenetic groups, the type I methanotrophs in the c-subdivision of the Proteobacteria (Methylobacter, Methylomonas, Methylomicrobium, Methylococcus, Methylocaldum, Methylothermus, Methylohalobius and Methylosarcina) and the type II methanotrophs in the a-subdivision of the Proteobacteria (Methylosinus, Methylocystis, Methylocapsa and Methylocella).
Recent advances in the molecular biology and molecular phylogeny of methanotrophs [9] [10] [11] has led environmental studies, based on molecular approaches, to provide information on the breadth of in situ methanotroph diversity at the genus level [11] [12] [13] [14] [15] . These studies have been undertaken using PCR primers targeted to the 16S rRNA gene of methanotrophs [12, 16, 17] , and with primers detecting sequences for the methanotroph-specific enzyme methane monooxygenase [9, 12, 18] . However, many of these studies have focused on marine and terrestrial environments [14, 15, 17, [19] [20] [21] [22] [23] and some studies have looked at diversity in freshwater sediments [12, 24, 25] .
We report here a detailed analysis of the diversity of methanotroph-specific sequences in an estuarine sediment from which a type I methanotroph, Methylobacter sp. strain BB5.1, was previously isolated [26] .
Materials and methods

Collection of samples
Samples of the brown surface layer (top 2-3 cm) of estuary sediment were collected at low tide (water depth 10 cm) from Newport Bay Estuary, CA, using a syringe. Below the light brown surface layer (2-5 cm), the sediment was anoxic. Sediment temperatures ranged from 20 to 23°C.
DNA extraction and purification
DNA was extracted from sediment at the area of peak methane oxidation using a previously published protocol [27] , with modifications as described previously [12] . The amount of sediment per extraction was 600 mg. DNA was further purified by electrophoresis in a 1% agarose gel and extraction using a Qiagen Gel Purification kit (Qiagen, Inc., Valencia, CA), to remove residual humic acids. DNA obtained after this treatment was used in the PCR reactions.
PCR amplification and cloning of 16S rRNA and pmoA genes
The 16S rRNA genes were PCR amplified from total DNA extracted from the sediment using the methanotroph phylogenetic group-specific primers Mb1007r, Mm1007r, Mc1005r, Mm835, Ms1020r and Type2b [12, 17] in conjunction with the Eubacterial-specific primer f27 [28] . Amplifications were also carried out with primers specific for pmoA, A189f and mb661r [9, 12] . All reactions were carried out in a total volume of 30 ll using approximately 100 ng of sediment DNA, 10 pmol of each primer, 1.5 mM Mg 2+ , Gibco Taq polymerase and polymerase buffer. The reactions were carried out in a Perkin-Elmer GeneAmp PCR System 9600 thermal cycler with 25 cycles of 92°C for 1 min, 55°C for 1.5 min (50°C for primer Mm835) and 72°C for 1 min, with a final extension at 72°C for 5 min. All PCR products were checked for size and purity on 1% agarose gels (expected size of PCR products were: f27-Mb1007r, 1000 bp; f27-Mm1007r, 1000 bp; f27-Mc1005r, 998 bp; f27-Mm835, 828 bp; f27-Ms1020r, 1013 bp; f27-type2b, 979 bp; pmoA, 510 bp). PCR products of the correct size were purified using the Qiagen PCR purification kit and ligated into the pCR2.1 vector supplied with the TOPO Cloning kit (Invitrogen, San Diego, CA) following manufacturerÕs instructions.
RFLP analyses of clone libraries
Individual colonies containing inserts were suspended in 50 ll of water, boiled for 5 min, cell debris spun down and 1 ll of the supernatant used in PCR reactions to reamplify the insert from the vector using the appropriate primers. The re-amplified product was used in restriction digests with tetrameric restriction enzymes. The 16S rRNA genes were digested with the enzymes MspI (New England Biolabs, Ipswich, MA), HhaI and HaeIII (Life Technologies-Gibco BRL, Paisley, Scotland) and the pmoA genes were digested with HhaI and a combination of MspI/HaeIII. Digests were resolved on 3% NuSieve GTG (FMC Bioproducts, Philadelphia, PA) agarose gels and grouped manually based on the restriction patterns. Methanotroph-specific RFLP patterns for the 16S rRNA genes were identified as described by Costello and Lidstrom [12] .
DNA sequencing
DNA sequencing of the 16S rRNA and pmoA genes was carried out from both strands using the ABI Prism BigDye terminators sequencing kit (PE Applied Biosystems, Warrington, UK), using M13 forward and reverse primers for pmoA and the universal f357 primer [28] for partial sequencing of 16S rRNA genes. Sequencing was done in the University of Washington, Department of Biochemistry and the University of Warwick, Department of Biological Sciences sequencing facilities using Applied Biosystems Automated Sequencers.
Phylogenetic analysis
16S rRNA gene sequences were compared against the small subunit rRNA database of the RDP (Ribosomal Database Project) using the Similarity_Rank program. 16S rRNA gene sequences were aligned to the representative sequences of the nearest phylogenetic neighbors using the ARB program [29] . Dendrograms were constructed using the programs DNADIST, DNAPARS, DNAML, FITCH and SEQBOOT from the PHYLIP v3.5c package [30] . Derived PmoA amino acid sequences were aligned with PmoA and AmoA sequences of closely related organisms using the ARB program [29] . Dendrograms were constructed using the programs PROTDIST, PROTPARS, FITCH and SEQBOOT from PHYLIP. The GenBank Accession Nos. for the 16S rRNA gene sequences described in this study are AF182496-AF182507 and AF186374 -AF186376. The Accession Nos. for the pmoA sequences are AF182481-AF182495.
Results
16S rRNA gene clone RFLP and phylogenetic analyses
16S rRNA gene PCR products were obtained using target DNA extracted from the Newport Bay Estuary sediment samples using primers specifically targeting the Methylomonas (Mm1007, Mm835), Methylobacter (Mb1007) and Methylosinus/Methylocystis (Type2b) genera of methanotrophs. No PCR products of the correct size were detected using the Methylococcus (Mc1005) or Methylosinus (Ms1020) specific primers, however the fact that the type2b primer was successful in amplifying Methylosinus/Methylocystis sequences would appear to suggest that primer Ms1020 is not very useful. The resulting PCR products were used to construct gene libraries. A total of 400 randomly selected clones, 100 for each library, were subjected to RFLP analysis using three restriction enzymes, HhaI, MspI and HaeIII. The 400 clones fell into 26 Operational Taxonomic Units (OTUs) and all groups were further examined for any of the defined methanotrophic OTUs [12] . Based on this analysis 15 groups were indicated to be methanotrophic sequences. Clones representing each of these 15 groups were selected for sequencing and determined to be methanotrophic sequences based on 16S rRNA genes in the RDP. Representatives from the other groups were also selected for partial sequencing. None of these were identified as methanotrophic 16S rRNA genes. The 16S rRNA gene sequences for the 15 clones revealed four Methylomicrobium (R1-R4), four Methylobacter (R5-R8), four Methylomonas (R9, R14, R16 and R17) and three Methylosinus (R19, R20 and R22) type sequences.
Sequences were phylogenetically analyzed using the PHYLIP software package. All of the new sequences grouped within the range of known methanotroph sequences ( Figs. 1 and 2) . However, two groups of 16S rRNA gene clones formed distinctly separate, novel, clusters within the type I methanotrophs as supported by BOOTSTRAP values (Fig. 1) . Group A consisted of sediment clones R1-R4 (PCR amplified with the Methylomonas primer Mm1007), and was within the Methylomicrobium species, and group B comprised of sediment clones R9, R14 and R16, and clustered within the Methylomonas species. Analysis of the type II methanotroph clones (Fig. 2) showed two clones to group with Methylosinus trichosporium species, clones R19 and R22, and the third clone, R20, to group with Methylosinus sporium species.
pmoA gene clone RFLP and phylogenetic analyses
pmoA PCR products were obtained using target DNA extracted from the Newport Bay Estuary sediment sample using primers specifically targeting the particulate methane monooxygenase (A189f and mb661r), and excluding the homologous ammonia monooxygenase genes [9, 12] . The resulting PCR products were used to construct a clone library. A total of 100 randomly selected clones were subjected to RFLP analysis and fell into 13 groups (OTUs). The majority of clones (86%) were represented in four OTUs and six OTUs contained only one clone each. Clones representing each of these 13 OTUs were selected for sequencing, and all sequences were identified as pmoA by comparison to previously sequenced pmoA and amoA genes. The pmoA and 16S rRNA genes from two isolates from the Newport Bay Estuary sediment were also examined by PCR and sequencing.
The derived PmoA sequences were phylogenetically analyzed using PROTDIST and PROTPARS from the PHYLIP software package. The clones formed five clusters of sequences supported by BOOTSTRAP values (Fig. 3) . Group I, including clone types 1, 3, 4, 9 and 12 (43% of all clones) and the PmoA sequences from the two isolates, clustered closely with Methylobacter sp. strain BB5.1. The two isolates also had 16S rRNA gene sequences closely related to Methylobacter sp. strain BB5.1 (data not shown). Group II, including clone types 5, 11 and 13 (21% of all clones), clustered closely with Methylomicrobium album. Group III, clone types 6 and 7 (19% of all clones), clustered with the type II methanotroph Methylosinus trichosporium. Group IV, clone types 2 and 10 (16% of all clones), formed a novel cluster within the type I methanotroph PmoA sequences. Group V, comprising a single clone type 8, was related to Methylobacter spp.
Discussion
Using 16S rRNA gene and pmoA-specific PCR primers to analyse these genes in Newport Bay Estuary sediment samples, a broad diversity of both types of methanotroph-like sequences were detected. Twelve type I methanotroph 16S rRNA gene sequences ( Fig. 1) and three type II methanotroph 16S rRNA gene sequences (Fig. 2) were identified. This study also identified 13 methanotroph pmoA gene sequence types from the sediment and two pmoA sequences from methanotroph isolates (Fig. 3) isolated previously from the same estuarine environment [26] .
The type I methanotroph 16S rRNA gene sequences grouped with the Methylomonas, Methylomicrobium and Methylobacter species of extant methanotrophs, and the type II methanotroph 16S rRNA gene sequences grouped with the Methylosinus species of extant methanotrophs ( Figs. 1 and 2) . The 16S rRNA gene sequences from clones also had high identities to methanotroph 16S rRNA genes identified in other mainly aquatic environments: clone R17 had 99% similarity to sequences from studies of a rice paddy and a basalt aquifer [25, 31] ; clones R5-R8 had 96-98% similarity to sequences from freshwater lake sediment and soda lake sediments [12, 32] ; novel group A had only 95% identity to sequences from extant methanotrophs but had 96-99% identity to sequences from freshwater lake sediment and rice paddy soil [12, 24, 31] ; novel group B had only 93% identity to extant methanotrophs and also only 93% identity to sequences from aquifers and landfill soil [21, 25, 33] ; clone R20 had 99% identity to sequences from aquifers and freshwater lakes [12, 24, 25] ; clones R19 and 22 had 98% identity to sequences from freshwater lakes and alkaline soda lakes [12, 34] . The diversity of PmoA sequences matched that seen with the 16S rRNA gene PCR primers, with sequences grouping with Methylomicrobium and Methylobacter type I methanotroph PmoA sequences and Methylosinus type II methanotroph PmoA sequences (Fig. 3) . Groups I, II, and V pmoA sequences (65% of clones) had high identity with pmoA sequences from aquatic environments including freshwater lakes, soda lakes and rice paddies [12, 22, 32] , and group III pmoA sequences (19% of clones) had high identity with pmoA sequences from soils [23, 35] . Group IV pmoA sequences (16% of clones) were most closely related to the pmoA sequence from Methylobacter sp. BB5.1 (83%) and had no closely related methanotroph pmoA sequences from environmental studies, suggesting that these pmoA sequences are from a potentially novel methanotrophic species found in this estuarine environment. However, no methanotroph 16S rRNA sequences branching in a similar position to these novel pmoA sequences were detected in this study, although novel group II (see Fig. 1 ) may be a possible candidate group for these novel methanotrophs.
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The most common pmoA sequence detected in this study was closely related to the pmoA sequences from Methylobacter sp. BB5.1 and two other isolates from the same study (isolates 1 and 2 in this study) but not previously characterised [26] , which were also isolated from Newport Bay Estuary sediment. A large number of 16S rRNA gene clones in this study were also closely related to the 16S rRNA gene sequence from Methylobacter sp. BB5.1. In conclusion this study has identified both 16S rRNA and pmoA gene sequences commonly found in aquatic environments [12, 24, 25, 32, 34] , and also identified a novel group of pmoA sequences in this environment. However, none of the sequences identified in this study were related to marine methanotrophs, probably due to the lack of data on methanotroph diversity in the marine environment. 
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